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APPLICATION OF PICOSECOND AND LIGHT SCATTERING SPECTROSCOPIES
TO THE STUDY OF ENERGETIC MATERIALS

Summary Report

INTRODUCTION

This report describes recent progress in NRL's research involving
the application of advanced spectroscopies to the study of energetic
materials. This program is currently jointly funded by the Office of
Naval Research (project #RR0240202) DARPA (project #3702) as well as by
NRL's in house core basic research program.

'The goal of this research is to identify advanced optical pro-
cedures appropriate for the study of energetic materials and their
reactions, develop these techniques as required, assess their utility
to the energetic material community, and then aid in the transfer of
the appropriate technology to the appropriate user groups.

Previous reports have detailed the development of light scattering
techniques to study material properties at high pressures. The success-
ful application of this method to the study of complex material
problems has recently led to the initiation of two distinct research
programs.

These are (A) the application of high pressure Raman, FTIR, and
Brillouin techniques to study the role of supra molecular structure in
determining material strength in polyethelene (now supported by NAVAIR)
and (B) the application of high pressureNRaman and FTIR in determining
the possible effect of pressurein catalyzing decomposition in NOS-365
and other monopropellents. (Now supported by NAVSEA).

jConcurrent with ONR supported light scattering program, NRL has
been developing the technology of ultrafast, ultrahigh power lasers.
During the past year ONR and DARPA have supported (along with NRL) a

,I program to determine the utility of applying these ultrafast techniques
to the study of energetic materials and their reactions.

Manuscript submitted June 30, 1980
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As a result of developments in picosecond sources and detection
systems, NRL's energetic materials program now incorporates both pico-
second spectroscopy and light scattering :echniques in its studies of
energetic materials.

The research in both these problem areas has been quite productive
since the last report. Recent results are summarized below and the re-
sulting manuscripts and publications follow this introduction.

A. High-power picosecond pulse lasers are being developed and
utilized to initiate the primary events of ultrafast reactions in
energetic materials. These sources are being applied (under ONR and
DARPA support) to characterize both condensed phase and gaseous photo-
induced reactions. By application of state-of-the-art, ultrafast
spectroscopic techniques it is now possible to observe the earliest
species produced in ultrafast reactions, i.e. products formed within
ca. 10 picoseconds after laser initiation. It is anticipated that such
information will provide a better understanding of deflagration-to-
detonation transitions. Also under experimental study is an assessment
of the feasibility of modifying energetic reactions by perturbation of
the initial reaction pathways.

These experiments at NRL are in collaboration with photochemists
from Georgetown University. In this past year, we have carried out a

series of new experiments to study the photodissociation of simple
hydrocarbons and nitro bearing molecules under conditions of intense
picosecond UV irradiation and high gaseous pressures. Our interest is
in the decomposition of simple compounds which afford generic models
for processes important in explosives, fuels, and other energetic
materials.

The time definition inherent in picosecond pulse excitation enables
the near-instantaneous deposition of energy into the molecular system,
before secondary reactions or collisions can ensue. We are employing
an excitation mechanism that is nonspecific in the molecule it address-
es, thereby facilitating the decomposition of a wide variety of ma-
terials. The mechanism involves multiphoton absorption and laser-
induced dielectric breakdown 2rocesses that are attendant at the high

laser flux density (>10 -W/cmz ) and pressures (10-500 torr) of our
experiments.

We have irradiated gaseous samples of ketene, methane, protonated
and Jeiitrated nitromethane, and carbon monoxide and have observed
visible emission originating from electronically-excited fragment pro-
ducts. High-resolution spectral and temporal studies of the dominant
emitting fragments, C2 CH, CN and H, show emission characteristics
that depend strongly upon the parent molecule under irradiation. For
example, C2 emission derived from ketene and methane bears a high de-
gree of rotational excitation and exhibits a risetime that currently
is detection-limited at below a nanosecond; when derived from carbon
monoxide, however, the C2 emitting population is rotationally cooler

2
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and develops and decays collisionally over a period of microseconds.
The mechanism by which C2 is formed from methane must of necessity bq
a (rapid) collisional process, though clearly different in nature to
that for carbon monoxide, whereas ketene (CH2CO) could support a uni-
molecular dissociative formation of C through elimination of H and 0
atoms. Improved time-dependent emission data from our ongoing meas-
urements should yield a clearer understanding of the possible reaction
pathways involved in these dissociative processes. The further appli-
cation of these techniques to nitro bearing alkanes and other related
compounds may provide important information on reactions through which
these molecules communicate in the early phases of rapid decomposition.

We will also be extending our probe measurements to study the
composition and dynamics of the nonemissive, ground-state fragment
population. This will utilize our already established capability to
obtain picosecond transient absorption spectra and will introduce a
new picosecond probe technique of laser induced flourescence. The
latter method, which is based on time-synchronized excitation of ground-
state products by a synchronously-modelocked tunable dye laser, should
enable probing for reactive intermediates such as the methylene radical,
CH We are also exploring coherent Raman vibrational probing as a
means of opening a far greater class of molecular fragment species to
investigation.

These initial experiments have resulted in the characterization
of excitation of nitromethane and ketene and the subsequent ident-
ification of some of their resulting primary products. The ability to
identify the important primary products in fast energetic reactions is
critical to the understanding of complete reaction mechanisms. Future
investigations will include more complex energetic materials such as
HMX and RDX. As these experiments proceed, and the primary kinetic
events are elucidated, attempts to modify the kinetics will be made.

B. Brillouin spectroscopy is being applied to the character-
ization of cross-linked polymeric materials as part of an ONR program
to determine the relationship of molecular structure to macroscopic
properties. NRL's contribution to the ONR program is the measurement
of the high-frequency viscoelastic moduli as a function of temperature
and pressure. This is accomplished by utilizing NRL's recently de-
veloped high-pressure light scattering spectroscopic techniques.

This program of collaborative research has been established so
that a single model polymer binder, Solithane 113, can be characterized
in detail by the various techniques of the cooperating groups. In

this way a complete picture can be constructed of the response of a
specific binder to a range of stresses.

As part of this effort NRL has performed Brillouin scattering
measurements of the viscoelastic moduli of Solithane at a frequency of
-10 GHz. This frequency range is orders of magnitude higher than pre-
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viously utilized with binders. Recent theoretical work has indicated

that the very high frequency response of these materials bears signifi-
cantly upon their ability to resist fracture. Another consideration is
the Williams-Landel-Ferry principle i.e. that for polymers the-eis-a
equivalence between the variables time, pressure and temperature: that
the response of a polymer to mechanical stress at lower temperatures is
related to its response at higher pressures, which is also related to
its shorter time (higher frequency) behavior. The question we are
addressing is over what range of times, temperatures and pressures
these equivalences hold.

During the past year we have successfully determined the longi-
tudinal elastic moduli of Solithane in the gigahertz frequency range.
The moduli (or compressive stiffnesses) were obtained as functions of
frequency and pressure and were compared with lower frequency ultra-
sonic (lMhz) data. The primary conclusions to be drawn from this work
are that 1) such measurements are indeed feasible, and 2) the moduli
of the model compound becomemuch stiffer (i.e., more brittle or glassy)
at high frequencies and high pressures. This is a fact which must be
taken into consideration when more realistic binder polymers are chosen
to serve as the shock absorbing matrix holding energetic material.

We are now undertaking to examine in more depth the interrelation-
ships between the variables pressure, temperature, and frequency and
the conditions under which they are equivalent. We shall examine
further the pressure and temperature behavior of Solithane in the giga-
hertz regime and investigate the effect of systematic variations in
polymer composition and plasticization.

4
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HIGH-POWER PICOSECOND PHOTOLYSIS OF SIMPLE ORGANIC MOLECULAR GASES
+

B.B. Craig*, W.L. Faust, L.S. Goldberg, J.M. Schnur,
P.E. Schoen and R.G. Weiss*

Naval Research Laboratory, Washington, D.C. 20375, U.S.A.
*Department of Chemistry, Georgetown University,
Washington, D.C. 20057, U.S.A.

ABSTRACT

High-power picosecond UV pulses from a Nd:YAG modelocked laser
were used to induce a visible emission from a variety of gaseous
organic molecules. We report the observation of electronically ex-
cited C2, CH, CN and H fragments. The spectral characteristics
and time development of the emitting species are highly dependent

upon the structure of the parent molecules.

INTRODUCTION

Laser photolysis of simple molecules has contributed to a
deeper understanding of dynamical processes in photodissociation.
Our concern in the present work is with the decomposition of sim-
ple compounds which afford generic models of processes important
in explosives, fuels and other energetic materials. Multiphoton IR
and UV laser dissociation (1-4) has previously been applied to study
the primary decomposition processes of gas-phase hydrocarbons and
subsequent reaction of fragments having significance in the kinetics

of combustion. These experiments have been performed in the nano-
second time domain and at millitorr gas pressures in order to
maintain a collision-free time regime during the duration of the

excitation pulse. In our experiments the time resolution afforded
by picosecond pulse excitation enables such photolysis even at
atmospheric pressures, yielding high fragment concentrations. For
the pressures and high flux densities employed in this work, multi-
photon absorption processes can be accompanied by dielectric

4breakdown (5). Indeed, since laser-induced breakdown is a non-
resonant process, this very non-specificity facilitates the decom-
position of a wide variety of materials.

Here, we demonstrate the utility of the technique in generat-

ing fragments whose emission spectra reflect their precursors. We

have carried out the photolysis of ketene, methane, carbon monoxide
and nitromethane at pressures in the range of 10-500 torr, and
studied the luminescence from C., CH, CN and H fragments.



EXPE RIMENTAL

Figure I shows a schematic of the Nd:YAG laser system. The
flashlamp-pumped oscillator, operating at a I Hz repetition rate,
employed a hybrid modelocking approach to provide more reproducible
pulse-train generation. It utilized an active acousto-optic loss
modulator (Quantronix) and a passive saturable absorbing dye (East-
man A9740) in a flow cell. The single 1064 nm pulse, switched from
near the peak of the train, had ca. 0.4 mJ energy and typically 30
ps duration. Two stages of amplification, apodization and spatial
filtering of the beam provided a high-spatial-quality IR pulse of
30-40 mJ energy. Efficient frequency doubling and redoubling in
KD*P crystals generated a 4th harmonic (266 nm) photolyzing pulse
of up to 10 mJ energy. The laser beam was focIsed to a 0.15 mm
spot diameter in a static gas cell (ca. 100 cm ) through a LiF
window. The emitted light generated from individual laser shots
was collected at right angles and focused into a grating monochro-

mator coupled to a Nuclear Data NDI00 intensified vidicon multi-
channel recording system (spectral sensitivity 380-800 nm). Im-
proved signal-to-noise was achieved where necessary by accumulating
data from typically 30 laser shots. High-resolution spectra were
obtained with a Spex 0.8 m monochromator (0.1 nm system resolution).
For time-resolved studies, a Varian VPM-154M cross-field photomul-
tiplier was coupled to the exit slit of the monochromator. The
transient signal was displayed on a Tektronix 7104 oscilloscope,
giving a detection risetime of 400 ps. Observations were also
made with an Electrophotonics streak camera (S-20 photocathode)
having time resolution of 10 ps.

ACTIVE-PASSIVE MODELOCKED OSCILLATOR SINGLE PULSE SELECTOR
DYE CELL A-O

Nd: YAG ~POCKELS CELL104n
Nd: YAG MOO. 3D ps

I

KRYTRON TRIG.

SAPOWIATION/SPATIAL FILTERING BS AMPLIFIER

1 6.3 mm

T
2rn

BEAM ARM

"1 AMPLIFIER

9.5 mm26 r

OULEMETER f FLUORESCENCE

' \ /
'k , .o C -- ,/

lOEHn 532 nm SHG n MO OII. NTENSIFIED VIDICON1jPHOTOMULTPLER

KD'P KD'P STREAK CAMERA

Fig. 1. Schematic of the laser system.
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Methane was research grade purity supplied by Matheson Gas
Products and was used without further purification. Carbon mono-
xide was ultra-high purity grade (Matheson) and was freed of any
metal carbonyl contaminants by passing through a heated tube (200C,
atmospheric pressure) packed with glass wool (6). Nitromethane was

Baker reagent grade and was distilled under nitrogen, collecting the
middle fraction, b.p. 101-1020 C. Ketene, CH2 CO , was prepared by a

standard procedure (7) involving dehydration of acetic anhydride
at 500-550C and was purified by trap-to-trap distillation. It was

stored in the dark under vacuum in a liquid nitrogen bath. A salt-
ice bath placed between the reservoir and sample cell was used to
condense traces of acetic acid and other high-boiling impurities.

RESULTS AND DISCUSSION

High-power, 30 ps pulses at 266 nm focused into the vapors
under study (10-500 torr) generated a visible streak near the focal
region. Low- and high-resolution spectra of the luminescence ex-
hibited no differences in intensity or spectral distribution during
a typical experiment involving several hundred laser shots. This
indicates that stable photolytic products do not significantly af-
fect the primary decomposition processes. The resgit is not sur-
prising since the photolysed region is at least 10 smaller than
the total sample volume. It should be emphasized that our analyti-
cal techniques give evidence only of luminescent species; other in-
termediates are undoubtedly produced.

Figure 2 depicts the similarity of the low-resolution emission
spectra from ketene and carbon monoxide, each at 100 torr. High-
resolution spectra indicate that the 3 predominant emission belongs
to the C, diradical in its triplet d I -a H Swan transition
(8). Figures 3 and 4 show the &v = 0 ,nd 4V -I transitions for
C2 from carbon monoxide, methane and ketene. The emission spec-

tra from methane and ketene exhibit a strong attendant rotational
structure. In addition, a weak, underlying continuum emission,
associated with a plasma formation, extended throughout the visible
region. The intensity of this background varied for each gas
studied but was most prominent for methane.

7
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Fig. 2. Low-resolution (2 nm) emission spectra obtained
~when ketene and carbon monoxide, at 100 tort, are irradi-

cared with individual laser pulses at 266 nm.
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C2 SWAN SYSTEM
d 3 t-ga 3 ru AP =O

CH 4

'.. ; -'. . . .. .CH2CO

500.4 2,2 1,1 0,0 521.7

WAVELENGTH (NM)

Fig. 3. High-resolution (0.1 nm) spectra of the Swan svs-
tem emission (1' = 0) derived from 266 nm irradiation of
carbon monoxide, methane, and ketene, at 100 torr. Data
are accumulated from 30 laser shots. Note the strong ro-
tational decoration, to the high-energy side of the band
heads, for methane and ketene.

C 2 SWAN SYSTEM
d3 "1rg- 3 u A ,-1

CH.

-j J 0) CH2CO

4,5 3,4 2,3 1,2 0,1 566.4

WAVELENGTH (NM)

Fig. ,. Spectra of rhe Swan system emission (% = -1).
Conditions as in Fig. 3
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Figures 5 and 6 compare the regions of Swan Av - +1 and
av= +2 emission from carbon monoxide and ketene. Striking dis-
similarities are evident at this resolution. Only in the case of
CO are the C,, "high-pressure" bands (9) observed. These are a
consequence of the selective population of an upper3 vibrational
level (generally attributed to v' - 6) (9) of the d 1T state
and necessitate distinct formation mechanisms for thegc 2 pro-
duced from carbon monoxide and ketene.

C2 SWAN SYSTEM HP 6,5

d 3 "g-a 3 ru ALV=+1

V JV

I ' - co

CH 2CO

457.2 5,4 4,3 3,2 2,1 1,0 478.5
WAVELENGTH (NM)

Fig. 5. Spectra of the Swan system emission (Av - +1) de-
rived from carbon monoxide and ketene, at 100 torr. Data
are accumulated from 30 laser shots. The spectrum from CO
also shows the high-pressure 6,5 band.

"1
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HP.46,4

C2 SWAN SYSTEM
d3 rg-a 3Tru AP= +2

CO

C2 SWAN SYSTEM
CH SYSTEM A d3 Wg-a 3Tru A= +2

A2a-X27r lv=O

_" ! CH2 CO

422.0 00 2,2 4,2 3,1 2,0 443.6
WAVELENGTH (NM)

Fig. 6. Spectra of the Swan system emission (av - +2).
Conditions as in Fig. 5. The spectra also show the
high-pressure 6,4 band and CH emissions.

This difference of mechanisms finds further expression in the
time-dependent oscilloscope data shown in Fig. 7. Figure 7A shows
the risetirne-limited formation of the d n emissive state (at
516 nm) of C2 derived from ketene. The r~setime is indistinguish-
able from that of the plasma radiation (upper trace), monitored at
616 nm where Swan emission is negligible. By contrast, no prompt
C, emission is seen from CO (Fig. 7B) when either the normal or
t:e high-pressure Swan bands are monitored. The oscillogram in Fig.

7B shows only the brief plasma emission, which can be detected
throughout the visible region. Over much longer timescales (Fig. 7D),
.he slow, collisional formation of the d a state is observed.
An intermolecular pathway leading to the fgrmation of C like
that suggested by Kunz et al (10) (see Eqn. (1) and (-)7, is consis-
tent with these data:

C + CO + M - C 0+M (1)
C20 +C - C*+CO (2)

M represents a third body and * refers to an unspecified electronic

state of C,. The highly-specific vibrational population of the
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excited state is then rationalizel as follows: therS is a relaxa-
tion of the initial C2 state to b E which crosses d near its
sixth vibrational level (11). It his generally been acepted that
the high-pressure emission orginates from v' = 6. However, the high-
pressure bands lie to the low energy side of the corresponding nor-
mal Swan band head, where there are no rotational term differences.
For example, the designated 6,5 high-pressure transition is at
468.0 nm while the regular 6,5 Swan band is observed at 466.9 nm
(1,12). On this basis, we infer that the exact crossing between the
b Z must occur below ' - 6.

.~~ .. .... ... .: ..... .. .... ... . . . ........ ...... .. ...
Jl

A B
.. . .r_ . .. .. .. ..... ...... l

-..

t • .............................. ... , ..... ... .... ..:.. .... . .. ..
'C D

Fig. 7. Oscilloscope traces of the C2 Swan emission
monitored at 516 nm (0,0 transition). 2: ketene, 100
torr, 500 ps/div. The upper trace shows the plasma
radiation at 616 nm and should be reduced by a factor
of 2.5 for comparison with the lower trace of C2
emission. B: CO, 100 torr, I ns/div. C: ketene, 100

torr, 50 ns/div. D: CO, 100 torr, I us7div.
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Since the d 3H state collision-free lifetime has been de-
termined as ca. 126 ns (3), it is clear that t~e slowjr decay in
Fig. 7D does not reflect the kinetics of the d n * a n transi-
tion. Evidently we are following the formation nd decuy steps of
an intermediate (consistent with Eqn. (1) a3d (2)), which become
the rate-determining processes fos the C2 d a emission.
Figure 7C indicates that the C2 d H state hal a lifetime of ca.
70 ns when produced in 100 torr of fetene. It is likely that the
parent molecule and/or other photolysis fragments are involved in
quenching steps. For instance, all the hydrogen bearing gases ex-
hibit a strong pressure-broadened emission line at 656.3 nm, as-
signed to the Balmer Ha line of atomic hydrogen (Fig. 8).

BALMER SERIES
Ha LINE 1P

Al1 , 10TORR

CH 2CO

648.2 656.3 668.4

WAVELENGTH (NM)

Fig. 8. Spectra of the atomic hydrogen Ha emission line
derived from 266 nm irradiation of ketene. Note the
strong pressure-broadening effect.

Returning to Fig. 7A, the C 2 derived from ketene appears
with detection-system risetime (as noted in the caption, the con-

) tribution of the plasma to the lower trace is minimal). Such
prompt C, formation suggests a unimolecular mechanism. However,
a rapid Eollisional formation may be envisaged if the reacting

.1 fragments are created with substantial kinetic energy. Attempts
to observe the formation using a streak camera have proved incon-
clusive. The spectral resolution required to minimize the prompt
background has not allowed sufficient signal to be detected from
the C1, emission. In the case of methane, where C, production
must 5e a collisional process, we have nonethelesg been unable
to follow it kinetically. The plasma radiation dominates the
transient signal at 100 torr of methane for several nanoseconds,

by which time the C, signal is fully developed.

13



The C2 emission from methane and ketene show considerable
rotational excitation, which implies a non-thermally-equilibrated
population of excited C molecules. C emission spectra show-

2 . 2
ing such abnormal rotation are ubiquitous in discharge (13) and
laser photolysis (3) studies of simple organic molecules. In an

intermolecular mechanism, "off-axis" collisions between fragments
would be expected to impart excess rotation to a C2 product. It
is also possible that ketene undergoes unimolecular elimination of
hydrogen and oxygen via out-of-plane bending motions, leaving C2
with rotation. In the case of CO, the C2 high-pressure system
is obtained together with the normal Swan system, both showing the
same protracted time development. This now gives temporal as well
as spectral inference that C2 is formed from CO by processes en-
tirely distinct from those in ketene and methane. Consequently, it
is not surprising that the emission spectrum exhibits much less ro-
tational fine structure than that derived from ketene and methane.

Weak lines were observed at 410.2 nm and 406.8 nm only when
ketene was photolysed. They ar attributed to the Deslandres-
d'Azambuja singlet C system (C n - A U , Av = -1) (8). A weak
flourescence at 431.4 nr (Fig. §)j obIerved for ketene and methane
is attributed to CH emission (A-A X n, Av - 0) (8).

The power dependence of the Cl emission is displayed in
Fig. 9. At high input pulse energies, both carbon monoxide and
ketene (100 torr) show a near-linear power dependence indicative
of a saturation regime. The high-order nature of the excitation
process is clearly evident from the steepening of the curves to-
wards lower input energies. Furthermore, focusing of the excita-
tion beam was essential for producing observable emission. Carbon
monoxide and methane showed no emission at pressures below 10 torr.
Ketene, however, whiih 2Rssesses a single-photon transition at
266 nm (r = 0.5 mol cm ) (14), exhibited luminescence even
at pressures below I torr. The streak of visible emission extend-
ed somewhat beyond the focal region and had a more diffuse appear-

) ance than that observed at higher pressures. The excitation pro-
cesses may well be different at lower pressures, but the observed
luminescent products appear the same.

14
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Fig. 9. Dependence of the C Swan emission intensity
2on input laser pulse energy at 266 nm, from ketene (left)and carbon monoxide (right), at 100 torr.

Figure 10 compares the Av = 0 C, Swan system observed from 15
torr of nitromethane with that from to torr of ketene. The C,
band is substantially weaker in the case of nitromethane. IE shows
excess rotational excitation, as for ketene and methane. Further-
more, two new strong emissions were observed with bands heads at
421.6 nm and 388.3 nm (Fig. 10, below). Ths are assigned to the
violet system of CN and arise from B Z " X Z+ transitions
(8). The v = 0 transition was also weakly observed in the case of
ketene and carbon monoxide, indicating a slight nitrogen impurity.

'1
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C2 SWAN SYSTEM

'( 1 6 l 1- =

NH3N0 2

CH2CO

500.4 521.7 500.4 521.7

CH3NO2 i

371.4 393.8 406.9 428.6
4,4 3.3 2,2 1.1 0.0 5,6 4,5 3,4 2.3 1,2 0,1

Fig. 10. Above: Spectra of the C2 Swan emission (Av 0)
derived from ketene at 10 torr and nitromethane at 15 torr.
Note the reduced inLensity of the signal from nitromethane.
Below: Spectra of the CN violet system emission (&v = 0,
Av = -1) derived from nitromethane at 15 torr. Data are ac-

cumulated from 30 laser shots.

The appearance of the strong CN emission from nitromethane and
corresponding decrease in the C2 emission might indicate that
even under these harsh excitation conditions, the C-N bond remains
intact. On the other hand, observations from conventional photo-
lysis have been interpreted to support the scission of the C-N
bond as the main primary process (15). The CN fragment from nitro-
methane could be generated unimolecularly, whereas by necessity
C2 is produced collisionally. Experiments are now in progress

to follow -he time development of the CN emission. In addition,
we are examining other nitro-bearing alkanes which could provide
an intramolecular C, formation pathway as a competing process

with CN production.
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SUMMARY

In this work we have extended to the picosecond realm the
time definition for laser initiation and interrogation of gas-phase
molecular dissociation, with spectral resolution adequate to iso-
late individual fragment species and indeed to observe rotational
structure. We have examined the spectral and temporal character-

istics of the dominant emitting fragments, C2 , CH, CN and H, ob-
served in intense picosecond UV irradiation of ketene, methane,
cirbon monoxide and nitromethane. The rapid production of the C2
d n state from methane and ketene (limited by the detection
system risetime) suggests a similar mechanism of collisional forma-
tion, although a unimolecular process can not be ruled 3out in the
case of ketene. Photolysis of CO also yields the C d n state,
which develops and decays collisionally over severai microseconds.
Its spectrum exhibits the high-pressure bands and shows much less

rotational excitation than that obtained from ketene anq methane.
It is indicated that a rotationally nonthermalised C2 d II popula-
tion can be anticipated from precursors bearing CH x. For nitro-
methane, time-resolved studies of the weak C2 signal and ac-
companying CN emission should give some insight into the possible
dissociative pathways. Future application of this technique to

nitro-bearing alkanes and other related compounds may provide im-

portant information on reactions through which these molecules

communicate in the early phases of rapid decomposition.

'1
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Abstract

Brillouin spectra from Solithane 113 have been obtained as a function of

pressure at 26C using a Fabry-Perot Interferometer. The modulus was derived

from the sound velocity and was found to double as the pressure increased to

2.67 K bar. In addition the modulus was measured as a function of scatter-

ing angle in the ragen 640 to 161.450. For both the pressure and the angle-

dependent data it was found that the moduli were greater at gigahertz fre-

quencies than at one megahertz, indicating frequency dispersion.

I
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Solithane 113 is a polyurethane which has been used as a potting compound

for suspending solids and isolating them from thermal and mechanical shock

originating in the surrounding environment. Questions have been rasied as

to its ability to resist cracking when the applied stress has high frequency

components, in the gigahertz range. These questions have been prompted by

recent work done on crack initiation and propogation theory. 1'2 The theory

suggests a possible relation between friability and the frequency spectrum

of the elastic modulus of a material. An effort is being made therefore to

determine the modulus of Solithane over as broad a frequency range as possible

under a variety of experimental conditions. (e.g. vs. temperature and pressure)

Here we report initial measurements of the longitudinal modulus, M, by

Brillouin scattering at frequencies of - 10 GHz. These experiments were made

over a range of frequencies and hydrostatic pressures. An increase in fre-

quency in this range by a factor of 2 produced - 20% increase in the longi-

tudinal modulus. An increase in hydrostatic pressure from 0-40000 psi result-

ed in a linear doubling of the modulus. Lower frequency data of Gupta show

a similar dependence on pressure, although his moduli at 1 MHz are substan-

tially (-25%) smaller than ours at 10 GHz.

We see therefore that the modulus of Solithane depends significantly on

pressure, temperature, and frequency.

*The increase of the modulus with frequency and with pressure indicate

that the ability of Solithane to insulate included materials from high speed

and/or high pressure stress is significantly less than for low frequency, low

pressure stress. Brillouin scattering has been used to characterize many

4polymers. It is a technique in which light scattered at an angle 0 from

traveling thermal sound waves in a material is doppler shifted in frequency

21
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by an amount proportional to the sound velocity of the thermal phonon. An

incident beam of light with propagation vector k = 27/X o where Xo is the

incident wavelength, interacts with thermal phonons in a material of re-

fractive index n, and is scattered at an angle 0 with respect to the incident

beam. The phonons which couple with the scattered light have a propagation

vector q = 27r/A, where A is the sound wavelength.

q = 2ko n sin(0/2) = 47rn sin (0/2) (1)
Xo

The doppler frequency shift of the scattered light if f, and is related to

the sound velocity v by

v = 27 f/q (2)

Presuming that we are dealing with longitudinal (compressional) sound waves

only and assuming that the sound attenuation is small we calculate the real

part of the modulus5 by

M' = Ov (3)

where c is the density. The imaginary part of the modulus has the form

M" = 2or1T (4)

q

where r is the full width at half maximum height of the Brillouin peaks.

I The index of refraction of Solithane as function of pressure is not

known. We determined the room pressure index with an Abbe refractometer and

extrapolated this value to high pressure with the Clausius-Mossotti relation

P - C T I (5)2 +1

where c is the proportionality constant. n is 1.5123 at room pressure and

increases to 1.551 and 40000 psi according to this relationship.
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Experimental Details

Solithane 113 pre polymer was manufactered by Thiokol Chemical Corporation

and was prepared by California Institute of Technology in the form of trans-

6
parent sheet with 6 mm thickness. The sample used in these experiments had

a 50/50 resin to catalyst mixture. Solithane was cut by razor blade and

polished to a smooth finish with emery cloth. For transparency it was in-

serted in an optical cell with index matching parafin oil. The cell was made

large so that the flare spots due to elastic scattering of the laser beam as

it entered and exited the cell were distant from the scattering volume. The

container was mounted on a rotating optical holder for accurate angular

measurement and excitation was achieved by a single frequency 514.5 nm Argon-

ion laser.

The experimental arrangement is shown in figure 1. The optical axis of

the sample-apertures-Fabry-Perot interferometer-lenses-detector was indicated

by a He-Ne laser beam. Alignment was maintained using this reference and the

scattering angles were measured by successively reflecting back on themselves

from the sample cell entrance window the He-Ne beam and the Ar+ beam. Cor-

rections to this angle were made for the refractive index of the sample and

its index matching liquid. The scattering volume was first imaged on a pinhole

to reduce stray light. The light was then re-collimated for the Fabry-Perot

and detected by an EMI 9658 phototube with photon counting electronics. Data

was stored in a multichannel analyzer.

The Fabry Perot was a Burleigh instrument with 2 inch diameter mirrors,

scanned by a home built digital ramp and tuned with an automatic stabilizing

servo. This maintained a typical finesse of 40.

For the high pressure experiment solithane was cut to fit the cavity of a

60,000 psi Nova cell. The pressure cell was a 4-window cross design which
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permitted easy optical alignment. Pressure was generated by a 40,000 psi

Enerpack hand pump and was measured by a 40,000 psi Aminco gauge. The cell

was filled with silicon oil for pressure transmission and index matching.

We found it necessary to use a separator to isolate the silicon fuild from

the colored pump oil. The transparent silicon oil 2) minimized light loss,

b) provided index matching, c) did not freeze or deteriorate at the highest

working pressure, d) had a convenient viscocity and e) protected the Nova

cell from water.

In order to calculate pv2 from equation 3 it was necessary to determine

the pressure dependence of the density of solithane 113. An apparatus employ-

ing a piston in a capillary tube was designed for the Nova cell such that

compression of the sample in the tube could be determined by telescopically

observing the motion of the piston.

Results and Discussion

Brillouin frequency shifts for solithane were measured for 4 different

angles: 640, 90, 118.40, and 161.450 at one atmosphere and 26*C. The longi-

tudinal modulus, calculated from equations 2 and 3, changed nonlinearly from

6.78 x 105 psi at 640 to 7.95 x 105 psi at 161.40. These results are plotted

in figure 2.

The longitudinal modulus of solithaLie as a function of pressure is shown

in the upper curve of figure 3. Over the 40000 psi range of the experiment

the modulus increased linearly to more than double its room pressure value.

8
Similar linear relationships have been seen for other polymers. The I MHz

data of Gupta is shown in the lower curve. The shift of the modulus to higher

values at higher frequencies indicates a significant frequency dispersion in

this quantity.
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In summary, Brillouin scattering is the only method which easily provides

measurements at gigahertz frequencies. We have demonstrated the utility of

this technique to the study of the moduli of a commercial polyurethane

(Solithane 113) as a function of stress rate and pressure. The twofold in-

crease of the longitudinal modulus with pressure and its sharp increase with

frequency indicate that the sample becomes more brittle and glassy in this

frequency/pressure regime.

Future work will explore the temperature and pressure behavior of Solithane

in the gigahertz frequency regime, with more detailed examination of frequency-

temperature-pressure interrelationships. The effect of systematic variations

in polymer composition and plasticization will also be determined.
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ABSTRACT

Recent progress at NRL is described on the application of advanced
optical spectroscopic methods to the study of energetic materials. Three
principal areas of research are highlighted: High-pressure Brillouin and
Raman light scattering spectroscopy, and picosecond laser spectroscopy.

INTRODUCTION

The advent of new diagnostic techniques and instrumentation when applied
to materials research problems often leads to new insights and deeper under-
standing of the physical processes under study. This is especially true for
the powerful laser spectroscopic methods that have been developed in recent
years. The intent of this paper is to describe several areas of research at
NRL in which laser light scattering and picosecond spectroscopy are being
applied to the study of energetic materials.

Brillouin spectroscopy is being applied to problems associated with
binder failure in highly energetic propellant systems. The relationship of
molecular properties such as the relationship between high frequency bulk
moduli and the propensity for crack propagation in propellant binders is
currently under investigation. A collaborative program supported by ONR has
been initiated among the California Institute of Technology, the University
of Akron, Texas A&M, the Stanford Research Institute and the Naval Research
Laboratory in order to study this problem comprehensively, and to provide a
possible basis for guidance of future propellant formulation.

Picosecond laser spectroscopy is being applied to the investigation of
primary events in the photoinitiation of ultrafast reactions in energetic
materials. A collaborative research program has been established with

Georgetown University and the Naval Research Laboratory. By utilizing the
extreme time resolution afforded by these laser techniques, it is now
possible to observe and to follow the time evolution of the earliest product
species formed after the initial excitation. Such information can lead
directly to a greater understanding of deflagration to detonation transitions
(DDT), and can provide insights into the role that additives may play in
affecting sensitization of energetic formulations.

The work in these areas has proceeded in several directions and has led

*This research has been supported in part by ONR and NAVSEA.
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to some very intriguing findings. Results of these studies are summarized
below.

BRILLOUIN SPECTROSCOPY STUDIES OF VISCOELASTIC PROPERTIES AS A FUNCTION
OF PRESSURE

Polymeric materials are being characterized as a function of pressure
using Brillouin spectroscopy to determine the high frequency bulk moduli of
these materials. This technique allows the study of the effect of pressure,
temperature, sample history, molecular weight, and polymer chemistry upon
these high frequency viscoelastic properties. Simultaneously, research
groups at Stanford Research Institute and the California Institute of
Technology are characterizing these same materials with respect to fracture
resulting from the application of stress at ultrafast rates.

It is very likely that the high frequency viscoelastic properties play
an important role in the propensity for cracking of solid rocket propellants.
Under the severe mechanical and thermal stresses encountered in use, the
propellants are subjected to vibrations over a wide frequency spectrum
including very high frequencies as well as pressures. The severity of any
resultant fracturing can influence whether the propellant will stably burn
or, in fact, detonate. Since the maintenance of the structural integrity of
a rocket engine over its lifetime requires that the solid propellant also
resist creep deformation for periods of years, the time scales of interest
for viscoelastic response range from 108 sec to less than 10-9 sec, an
enormous span. The Brillouin scattering technique makes possible for the
first time the direct measurement of the moduli of real polymeric binders
for response times 1- 10- 9 sec. This short time regime previously could only
be reached by extrapolation or by indirect time-temperature superposition
methods.

In Brillouin scattering, laser light of frequency wo and momentum ko

scatters inelastically from thermally induced density fluctuations (sound-
waves) in a sample.1 The Bragg condition q - n sin (0/2) relates the
momentum q of the sound waves giving rise to scattering into an angular
direction e, measured from the incident beam direction. A Fabry-Perot inter-
ferometer is used to analyze the collected scattered light into its respec-
tive frequencies. From the observed frequency shift Aw (1 109 Hz) of the
Brillouin band at a scattering angle 8, the velocity of sound in the sample
can be calculated as v = Aw/q. An independent measurement of sample density
P then allows determination of the bulk modulus M = pv2 . For polymeric
materials this is the longitudinal modulus, since scattering by shear waves

Ais not observed. Viscosity and relaxation measurements can also be derived
from further analysis of the scattering data. Our Brillouin studies of high
frequency moduli characterized as a function of pressure are being compared
against high-stress-rate relaxation data obtained by the other collaborative
groups. To provide a basis for intercomparision of results, the initial-
stage experiments are being carried out on a well-characterized polyurethane
compound, Solithane 113.

Figure 1 presents Brillouin scattering data of the longitudinal modulus
as a function of frequency (stress rate) for Solithane 113 at ambient
pressure and temperature. The four data points were obtained at scattering
angles of e - 640, 900, 1180, 1610, the backscatter geometry corresponding to
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Figure 1. Brillouin scattering determination of high-frequency
longitudinal modulus in Solithane 113.
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Figure 2. Pressure dependence of longitudinal modulus in Solithane 113.
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the highest frequency. These results are seen to scale well with the lower
frequency data obtained by Mueller 2 using time-temperature superposition.
Figure 2 shows the pressure dependence of the longitudinal modulus of

Solithane 113 measured for a 900 scattering geometry. Pressures from ambient
up to 2.6 kilobars were applied using a conventional hydrostatic pressure
cell. The observed increase of the modulus with pressure indicates that the
compressed sample of Solithane 113 under hydrostatic pressure becomes
significantly more brittle as pressure is increased.

We have also demonstrated the effectiveness of multipass interferometry
in allowing characterization of real polymeric binder systems. Such
materials typically are of poor quality, being translucent or having im-
perfections that scatter light strongly and mask the relevant Brillouin-
shifted bands. A single pass interferometer is generally a low contrast
instrument in that it has difficulty separating spectral components whose
intensities differ by a ratio of more than about 103. In the multipass
technique the scattered light is sent through the interferometer 3 (or 5)
times in succession, thereby improving the contrast ratio to 107 or better.
This contrast improvement has enabled us to obtain the first Brillouin
spectrum of the translucent binder material ethyl vinyl acetate, and points

the way to a fuller utilization of these techniques.

RAMAN SPECTROSCOPY STUDIES OF MOLECULAR PROPERTIES AT HIGH PRESSURE

We are using Raman spectroscopy to study the effects of high pressure
upon the microscopic properties of complex molecular systems. In a study
directed towards the conformational properties of lubricants and polymers

under pressure, we have obtained the Raman spectra of both short and long

chain alkane fluids at pressures up to 20 kilobars. 3 The Raman spectrum
provides a very sensitive probe of the conformational ordering of the mole-
cules, since the effects of externally applied stress can readily be
observed as changes in the vibrational spectrum. To analyse the alkane
data, the vibrational frequencies of the different normal modes of the
alkanes were first identified through model calculations and by spectroscopic
investigations at ambient pressure for the straight chain, all-trans con-
figuration as well as for some of the kinked, gauche conformers. Selected
bands were then monitored with applied pressure to ascertain spectral
changes that could be attributed to changes in conformational order.

The Raman spectra were measured over a range of 1 to 20 kilobars pres-
sure in a gasketed diamond-anvil cell. Pressures were calibrated in situ
using the ruby fluorescence technique. The 752.5 nm line of a Krypton laser
was chosen as excitation source, particularly to minimize background
fluorescence from the diamond, ruby, and sample. The spectra were recorded

*using a double monochromator with holographic gratings optimized for the

*near IR spectral region and a low-noise photomultiplier tube that was
sensitive out to 900 nm.

Results from this experiment conclusively show that alkanes ( < 16
carbons in the chain) become more globular as pressure is increased. For

long chain alkanes (> 40 carbons in the chain) the opposite appears to oc-
cur, that they become more rod-like as pressure is increased above 5kb.
These unexpected findings for the short alkanes may shed some light upon
recent results from viscoelastic studies designed to evaluate the use of
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fatty acids as surfactants to minimize friction between metal surfaces.
Researchers at both Battelle Laboratories and Rensselaer Polytechnic
Institute have reported that these additives unexpectedly increased the weac
in some experiments. Some of these findings could be readily interpreted on
the basis of the discovery that the short alkane chains become more gauche
under applied stress, that is more ball-like.

We are now applying these high-pressure Raman techniques to the study of
pressure-catalyzed reactions in alkyl-ammonium, and alkyl-hydroxyl-ammonium
nitrate systems. It is possible that these compounds undergo condensation
reactions, catalyzed by high pressure, to form azo compounds. This would
have a profound effect upon propellant systems designed to use these types
of liquid propellants at elevated pressures. We are currently studying the
effect of pressure upon these systems utilizing both Raman and Fourier Trans-
form IR techniques in a diamond-anvil cell.

PICOSECOND LASER PHOTOLYSIS OF ENERGETIC MOLECULES

Picosecond laser spectroscopy techniques are being applied to studies of
small molecular fragments, stable or reactive radical species that are
emergent as the primary products of unimolecular decomposition of simple
photolabile materials. The initial project in this area has been the study
of the picosecond4 photolysis of nitromethane (CH3NO2 ), the simplest of the
nitro explosives. In spite of many years of investigation and numerous
experimental approaches, both the qualitative and quantitative aspects of the
photo-induced decomposition of nitromethane remain unclear. This disparity
has arisen, in part, from the many experimental conditions of temperature,
phase, irradiation wavelength, and pulse duration under which the reactions
have been conducted. While the earlier studies have suggested various
reaction mechanisms, none has involved measurements on a time scale short
enough to observe the initial decomposition products.

SWHITE LIGHT SAMPLE CELL

1064 nmn
3pow PNHOE IR

I N@3 NOY$14--Y-
iLENS

__---- -WHITE

HSmmen

Figure 3. Apparatus for picosecond UV photolysis and dual-beam
absorption spectroscopy.

We have constructed a picosecond photolysis and dual-beam transient
absorption apparatus (Fig. 3) with the capability to observe spectra of
weakly-absorbing transient species. The N02 radical is such an example,
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I
having a broad absorption band extending roughly from 300 to 550 nm with a
very low peak cross section of a "1 3xlO-1 8 cm2 . The laser system comprises
a flashlamp-pumped, passively modelocked Nd:YAG oscillator, single pulse
selector, Nd:YAG preamplifier, 50% beam splitter to provide two independent
beam arms, spatial filters, and Nd:YAG final amplifiers for each arm. The
amplified 1064 nm pulses are each of 30 picoseconds duration and over 30

millijoules energy. Two stages of frequency doubling in one beam provide
a photolysing pulse at 266 nm of up to 10 millijoules energy. The 1064 nm

* pulse in the second beam arm passes through a variable optical-path delay and
is focused into a cell of D20 to create a white-light continuum pulse for
probing. The emergent continuum pulse, also of short duration, is then
steered through a 400 gm pinhole just beyond the D20 cell and is imaged into
the liquid sample cell. A beam splitter diverts a replica of the probe beam
to impinge on a second spot in the sample for use as reference. Both the UV
and probe pulses are made collinear and focused independently into the sample.
The spectrum of induced absorption is measured on individual laser shots by
dual-beam digital ratiometry using a grating spectrograph, intensified
vidicon multichannel recording, and computer data processing.

The measurements were carried out on condensed-phase nitromethane (neat
and in solution). A short UV pulse at 266 nm photolysed the molecule through
excitation on its first electronic absorption n - m'*. The first product
species observed was identified by its absorption spectrum as the N02 radical.
It was produced with a substantial quantum yield after a protracted delay of
several nanoseconds (Fig. 4). This observed delay precludes the excited
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Figure 4. Time development of NO 2 formation in UV photolysis of CH3NO2.
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singlet as being the immediate precurser, and suggests possibly a triplet
state of nitromethane or an isomer such as the aci form as the intial
product of photolysis. The effects of various additives upon the formation
kinetics of NO2 are now being studied. These experiments appear significant
in view of the recent reports 5 that small concentrations of ethylamine
additives markedly increase the sensitivity to detonation of nitromethane.
Finally, we are also currently studying the formation of the highly-reactive
methylene molecule in ketene photolysis utilizing similar picosecond spectro-
scopic techniques. These results will be applied to a study of methylene's
role in fast reactions in alkane fuels.

SUMMARY

We have discussed several experimental areas in which laser light
scattering spectroscopy and picosecond laser spectroscopy are being applied
to elucidating information critical to the understanding of energetic
materials and their reactions. The potential of these advanced spectroscopic
methods in providing a unique microscopic viewpoint of complex physical
processes has only begun to be exploited.
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APPLICATION OF ADVANCED LIGHT
SCATTERING TECHNIGUES

TO THE STUDY OF POLYMER PROPERTIES
J. M. Scvitr. P. Schoen and S. L. Wunder

ABSTrACT

:t has been weil established that a pclymer's propensit4 to wear ;s
related to its touqhness or viscoelastic propert:es. Unfortunate!-- the
specfc v'ariables contributing to a materzal's 'toughness' are neither wel
understood nor easly measured. This presentation will Liscuss the tpes of
relaxation phenomena and relaxation times that are important to the Ysco-
east.:itu of a material, their molecular bas.:s, and the 'arlous 'pti:a'
techniques ava;iab-e for the character-zation of these propertzes. S~ez:-
f:callv the appl oat:on of Raman, Briilouin, and :orrelatlon liht scat-
ter:nq techniques to the character-zat~on of sold Polymeric materza-s W__!
be d-scussed with particular emphasis placed on the relationshi;p between
tpes !: -nroraeron one :an obtain from these light scatter-nq exper.lments
And c.e strength of polumer:e mater.als.

INTRODUCTION

Single component polymers can vary in molecular weight, dispersity.
crystallinity and morphology, all of which affect material strength and
wear. Indeed, a polymer can manifest a range of macroscopic properties
(density, tensile strength, etc.) while its chemical composition, nolecular
weight and molecular weight distribution are kept constant. This is possi-
ble because the microscopic properties of molecular conformation and orien-
tation profoundly affect macroscopic properties. Thus if we are to under-

stand fully the mechanisms of strength and wear in polymers we must be able
to probe them on the molecular level.

The response of a polymeric material is dependent on the frequency of
the applied load, making it important in polymer characterization to measure
material properties over a wide frequency range. Information on time scales
not measurable by available tecnniques is typically obtained by mak'ng use
of the time/temperature superposition principle (which implies equivalence
of frequency and temperature for some systems); dynamical mechanical -ea-
surements -ade over a limited frequency range at a series of temperatures
are converted to olots spanning a wide range of frequencies at a sinqle
temperature. It is clearly preferable to be able to 'neasure a mateeial'3
response in real time, tnereby avoiding the assurnotions inherent in time-
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temperature superposition. Recently, progress has been made towards this
goal with the application of light scattering techniques to the problem of
polymer characterization.

Information about the internal dynamics of a polymer is obtained from
the frequency changes light undergoes when it is scattered. A single fre-
quency e, of light from a laser strikes a sample and is scattered with a new
frequency or frequencies. The change in frequency 'f is characteristic of
some process in the sample. Thus zf may be a doppler shift caused by re-
flection of the light from a moving particle, or else it may be the fre-
quency of a sound wave in the sample or of a nolecular vibration.

Light scattering can be divided under the broad subheadings of correla-
tion, Brillouin, and Raman scattering according to the ranges of the fre-
quency shifts involved. Figure I indicates the frequency ranges spanned and
the molecular processes expected to occur within those frequency domains.

Correlation spectroscopy deals with the lowest frequencies detectable
by the light scattering technique. The name, correlation, refers to the
electronic technique of processing the detected optical signal. The re-
sulgint correlation function can be fourier transformed to give its fre-
quency spectrum (the range is roughly o.i tz to ' .mz). As indicated in
Figure 1 this range corresponds to the slow, diffusive motions of large
polymer chains and chain segments. The technique is used to observe the
Brownian motion and rotation of polymer molecules in solution 'light scat-
tered from the moving particles is doppler shifted) and slow relaxations in
solids near the glass transition, :;. It also can be used to determine
thermal conductivity, viscosity, and other transport properties through the
local density fluctuations these processes cause.

At higher frequencies interferoetric means can be used to measure
frequency shifts. The lower frequency limit is about W- Mqz fdeoending on
laser frequency stability). The upper limit is usually about 100 ;z al-
though there is no reason in principle why one could not work at frequencies
several orders higner than tnis. Figure I shows that this range deals
-ainly with Brillouin scattering, i.e. scattering due to sound waves. The
tecnnique Jetermines the elastic moduli (or in fluids, the compressibili-
ties, governinq sound propagation. in turn these moduli depend on nigh
frequency collision-induced relaxations. 'n fluids the tumbling of smaller
molecules. depending upon nigh frequency viscosity, falls into this range,
as does tne vibrational motion of small molecules and molecular segments in
crystals and plastic crystals.

:n 0aman scattering, dealing with the hilhest frequency shifts, io to
J .z. spectral inforrnatior is easured by diffraction )ratinq. n this

regire. ight scattering is a true molecular probe, as shown in Figur I
revealing the motions of atoms relative to each other, and sensitive to
crystallinity and nolecular -onfor-ation. :n tne lower end of this region
are found the so-called longitudinal 'accustic' *odes LAM's wnose fre-
quencies 4re inversely oroportiinal to the len;tn of straignt "olecciar
chain segirnts in ool,,iers. The-e is currents ruch interest in LAI 's be-
cause of the infor--ation they iell about "olecular zonf)rmations.

Optical 'easure-ents nave the aicitional usefil p,-opeetles: :V we can
see the part of the sample that is teinQ Dobec by the 1",ht pea:m, '2) the
oeam can oe ,ocused to a spot as s;-a:l is a 'ew ,icror- i' Oesired for
lookinc at very s.all samples or re,;vons ) ;-iles, and 3' lignt scatter-
inc -an te :one re:-otely on sa-ples locitec nsice pressure cells, te,-oera-
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ture baths, or even at great distances such as the tops of factory smoke-
stacks...

The typical sample has many processes occurring within it which cause
light scattering so that there is usually a great deal of information avail-
able in a spectrum. Interpretation of this information is the chief task of
the spectroscopist. Light scattering is used in combination with X-ray
diffraction, neutron scattering, deuteration and other isotopic substitu-
tion, chemical labeling and substitution, computer modeling and other tech-
niques to classify and identify spectral features seen in different circum-
stances in different compounds and classes of compounds. Since the disci-
pline of light scattering is mature, a considerable library of information
is now available that can be brought to bear upon new problems. The art of
sorting out the details of a spectrum, drawing upon this pool of techniques
and past work, has advanced considerably. Today there is the potential of
utilizing this experience in the pursuit of a fuller understanding of the
observed macroscopic properties of polymeric materials.

CORRELATION SPECTROSCOPY

The correlation technique (1 '2) has been used in light scattering for
about fifteen years. The technique has had broad application to problems
both biological and physical. Among the first uses were investigations of
transport properties of fluids near their critical points 2 -4), and of the
diffutsive motions (translational and rotational) of large macromolecules
and viruses for the purpose of determining their sizes and shapes.(1,3 ,

5)
Another type of experiment has been measuring chemical reaction rate con-
stants by observing fluctuations in the fluorescence of reacting species. ( o
Liquid 5rystal dynamics and viscoelastic constants have also been ob-
served. 1

Correlation spectroscopy has been used to measure doppler shifts
caused by blood flow in the arteries of living animals ( ) , to determine
particle velocities in wind tunnels and jets l ) , and to obtain the vis-
cosities of lubricants by measuring the velocity with which a slug falls
through the viscous liquid. (9 ) This last technique is quite new and ex-
tends the range of viscosities which can be measured by the falling slug
method by one or two orders of magnitude (to about :o8 poise), while re-
ducing the time required for the measurement from hours to minutes. To
determine still higher viscosities (up to :1 poise) correlation measure-
ment of the distrubution of fluid structural relaxation times (the diffu-
sive "Mountain mode") has been shown to give good results in lubricants
subjected to very high pressures and characterizes the dynamic viscosity
over a range of frequencies. °10 ) Figure 2 shows the distribution of relaxa-
tion times for a pair of lubricants whose short time lubricating abilities
differ sharply because of the difference in their short time relaxation
behavior.

A substantial amount of the work done by correlation spectroscopy has
been in the area of determining relaxation times for polymer chains indilute solution. (11) The relaxation times for depolarized light scattered

in the forward direction from polymer molecules were measured and extrapo-
lated to infinite dilution. The relaxation times obtained were compared
initially to the predictions of the Rouse-Zimm model and found in 1eneral
to disagree, except for the longest wavelength internal motions. ( -) It was
found, again contrary to prediction, that the local diffusive relaxation of
fluctuations in position of smiall polyner segments in a large random coil
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resembled that of independent small molecules. Recent measurements by
Caroline and Jones( 13) show good agreement with an improved theoretical
model.

All of the above cases have involved fluids or suspensions of particles
in fluids. Use of a correlator with solid materials is rare because of the
strong stray light scattering from such samples. However, recently the
method has been used to measure low frequency motions in PMMA(14 ,

*
1 ) as a

function of temperature near the glass transition. Two relaxation times
were observed of order .! sec and .oi sec. The shorter time changed as a
function of temperature below .-,. Its activation energy was found to be
lower than that assigned to the side-chain molecular reorientations from
dielectric and NMR measurements. The internal motion observed from the
correlation spectroscopy experiments was thus thought to arise from a
coupling of this side-chain motion with the low activation energy process of
torsional oscillations of the chain segments about their equilibrium posi-
tions. The longer relaxation time observed was temperature insensitive
below -, but inerged with the backbone main chain relaxation at ' - The
measurements of this internal relaxation mode above r,, in the bulk phase by
correlation spectroscopy wgreed reasonably well with those obtained by
•rechanical and dielectric measurements. The relay~tion below which has
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not been observed by other techniques, was thought to represent a rearrange-
ment of free volume or of "configurational entropy."

BRILLOUIN SPECTROSCOPY

Brillouin spectroscopy (16 ) is light scattering caused by high fre-
quency (io .vHz to oo 3Hz) sound - i.e. random thermal oscillations which
are always present in a sample with a non-zero temperature. The mechanism
of scattering resembles that of Bragg X-ray diffraction, with a sound wave
causing diffraction instead of crystal layers. As with Bragg scattering,
the scattering angle determines the sound wavelength )oserved, but since the
sound wave is moving, the scattered light is doppler shifted in frequency
relative to the incident frequency. From the doppler frequency shift one
can determine the velocity of sound. The absorption of sound is determined
from frequency broadening of the scattered light. In turn one can then find
the viscoelastic moduli of the sample and related transport properties, such
as viscosity, thermal conductivity, and diffusion coefficients. 1 ,17 ) We
note here that processes at such fast rates - on the nanosecond time scale -

are difficult or impossible to obtain by ultrasonic methods and that X-ray
and neutron techniques which do go to such frequencies are considerably less
accurate and more difficult, expensive, and damage the sample.

A very large amount of work has been done on a wide variety of fluids
and solids to determine their moduli, transport properties, and relaxation
times. We will restrict our attention to a few examples chosen from the
field of polymers. Energy in such systems is exchanged between molecular
internal vibrations and external translational motions. (18 ) Processes which
occur faster than such energy exchange encounter considerably different
compressibilities and viscosities, for instance, than slower processes
do. (,19)

Paraffin oils have been examined in depolarized Brillouin scatter-
ing.(2 o ) The tumbling of such chain molecules produces a spectral line
whose width is related to viscosity. Linewidths were measured as a function
of chain length and temperature and the values of the rotational relaxation
time were compared with those obtained from flow birefringence. The values
were similar but not identical, indicating a possible change in paraffin
chain flexibility with longer chains. The relaxation times exhibited an
Arrhenius temperature dependence and yielded rate-activation energies which
had a chain length dependence.

IBrillouin spectra have been obtained for poly dimethyl siloxane)
(PoMS) of molecular weight 7.7 K :L4 and reveal four relaxation peaks in
the hypersonic absorption as a function of temperature.(21) This data with

microwave and dielectric relaxation times show Arrhenius type behavior for
higher temperatures and WLF behavior below, with a sharp break at - _800K.
The authors suggest this to be the Debye temperatire of

The amorphous polymer ooly 'methyl acrylate) (PMA) appears to be one of
'I the few solids in which a frequency dependent hypersonic relaxation has been
v observed. (22Y Frequency dispersion in solid polymers often occurs at con-

siderably lower frequencies than are encountered in Brillouin scattering so
that the parameters obtained, such as the velocity, are generally the infi-
nite frequency values. For Fr; the alass temoerature is - 60C. Relaxation
is observed at temperatures above 85a: in both the hypersonic velocity and
attenuation, and the size of the relaxation phenomenon is frequency depen-
dent. Using a single relaxation time theory the infinite frequency velocity

t* 45

-. y*,-



and the relaxation time were determined. The value of the activation
energy (7 Kcal/r .e) suggests the relaxation is of the - type (side chain).

The Landau Placzek (LP) ratio - the ratio of the elastically scattered
(zero frequency shift) light intensity to the Brillouin intensity - is
often used as a probe of solid polymer behavior under stress. The Brillouin
intensity should be relatively constant, as it is an intrinsic property of
the material. The elastic scattering on the other hand is sensitive to
impurities, domain boundaries, strains, inclusions, etc. Mitchell and
Guillet (2 3) and Coakley et al.( 24) have studied the effects of annealing
upon the LP ratio and they have suggested that as the temperature of a
sample is dropped the naturally occurring fluctuations in the material are
"frozen" in below the glass temperature. The LP ratio then is related to
the amount of strain energy stored in the glass.

One of the difficulties of Brillouin scattering in amorphous solids is
'contrast," the ability of the spectrometer to distinguish the Brillouin
lines, which are weak, from the nearby elastic scattering peak, which is
very strong. In recent years considerable progress has been made in im-
proving contrast by the technique of multipassing (25 ) which increases con-
trast by many orders of magnitude. Dil et al.(26) and, very recently,
Sandercock( 27 ) have reported use of 5 and 7 pass systems to observe Bril-
louin scattering in metal surfaces. Since the penetration depth of light
into a metal surface is small, the technique yields elastic moduli for the
region within a few hundred angstroms of the surface. Other phenomena such

as the propagation of Lamm acoustic waves in thick films also can be ob-
served.(27)

RAMAN SCATTERING

In the Raman scattering process(- 8' 29 ) the motion of an atom relative
to its neighbors in a molecule or lattice, causes fluctuations in the atomic
or molecular polarizability. Since the first observation of the effect
almost 50 years ago Raman spectroscopists have used a variety of technioues
to determine the nature of the molecular motions which give rise to the
Raman spectral lines. This has involved the use of infrared spectroscopy,
crystallography, symmetry, substitution of isotopes of different masses onto
molecules, and calculations using computer models of molecules and molecular
force fields.

One body of work of particular interest in the Polymer field has been
the application of Raman spectroscopy to the study of crystalline polymer
morphology. Many polymers crystallize by folding their long chains into
short segments which lie side by side like stacks of soda straws or sheaves
of wheat, forming lamellae. The frequency shift of one of the banks of the
Raman spectrum, the LAM, is a function of the lamellar thickness. Initial
work was done on polyethylene and the n-paraffins.(30,31 The latter were
used to determine the proportionality constant between the Raman frequency
shift and the inverse of the straight chain length as a function of the
number of carbon atoms. Frequency shifts obtained from polyethylene samples
having lamellar morphology could then be correlated with lamellar thickness
assuming that the Raman band corresponded to chain segments whose fold
length was that of a similar n-paraffin.(31 ) For polyethylene single crys-
tals where the tilt angle between the chains and the lamellar surface could
be determined independently, lamellar thicknesses determined by the Raman
nethod agreed fairly well with those obtained using small angle X-ray scat-
tering ISAXS). 32
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Comparison has been Tore difficult for samples crystallized from the
melt, since the tilt angle is generally unknown. Recent work has focused
on the effects of the gauche (twisted) segments in the amorphous loop re-
gion( 33 ), and of conforriationalP 34) and mass defects (35 ) on the frequency of
the LAM. This data has yielded information on the nature of the chain fold
in polyethylene.

Despite initial difficulty, LAM's have now been observed in the helical
polymers polyethylene oxide'

36) . isotactic polypropylene(
3?,38), polyoxy-

methylene 3 8) and in the copolymers (random) tetrafluorethylene - hexa-
fluoropropylene

(3 9' and (block) Polyethylene oxide - polypropyleneoxide
(4 ) ,

making it possible to use this Raman band in the study of the crystalliza-
tion and structure of polymer lamellae. It should be noted that the advan-
tage of the Raman scattering technique is that it does not depend 33 ) on the
regularity of the lamellar stacking as is necessary for SAXS. This has
permitted the observation of double lamellar populations.

(32 )

if the polymer chain is regarded as a uniform rod the proportionality
constant between the LAM frequency and the inverse of the chain length is
the sound velocity along the rod, , = (E,.:), where E is Young's modulus
and - is the density. Thus, if an estimate of the tilt angle in the lamel-
lar crystal is made. SAXS long period measurements can be combined with
Raman frequency shifts to determine the ultimate Young's modulus of a poly-
mer chain. Reports thus far(38 ,39 ) indicate that estimates made in this way
agree with those determined from inelastic neutron scattering, but are sub-
stantially larger than those determined from wide angle X-ray scattering.

One oarticular class of oroblem which has received a great deal of
theoretical attention for the past 30 years or so has been the mode struc-
ture rf long chain molecules of the polyethylene tyoe.4 4 1 ,4 2) Considerable
progress has been made in this effort and, of particular interest to us, not
only have the normal modes of the ideal straight chain been identified but
also the effects upon the spectra of chain kinking have begun to be under-
stood. In addition to the LAM's which give information on the length of
straight segrents between kinks, spectral features have been identified
'see Figure 3) which reveal the relative number of gauche and trans bonds
(the "optical skeletal" bands) 4 3) , and the ordering of chains and chain
segments relative to each other (the 'methylene stretching" bands' 44 ) and
crystal field splittin, 45) . These bands have been used to investigate
the effects of annealing on PolymVer lamellae thicknesses' 40) , the relative
elastic moduli of crystalline and amorphous oolymers (4- , the effects upon
chain orde, in model biological membrane chain molecules caused by phase

changes and other perturhations' 4 ) , the effect of high pressure upon poly-
mer structure and crystallinity' 4 -?) , and the effect of high Pressure upon
chain kinking in the liquid alkanes. 5')' In the latter case it has been
seen that nigh pressure :uo to :..2 kt'ar causes short chain alkanes (neotane,

* octane) to kink up and longer chains polyethylene) to straighten out to
the "super extended" chain phase. Work of this nature is continuing now to
try to determine the relation between lubricant chain conformation and
"lubricity.' Polymer structure and strength, and the influence uon these
properties o Perturbations such as teroerature, pressure, chain lenoth
and dispersity, sample history, etc.

CONCLUSION

we have Jiscussed t-iefly correlation, Brillouin, and Raman soectro-
scooies and have atte-'oted to de"onst-ate in a ze-e'al ,va., their use and
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range of applicability. we have tried to show some of their unique abili-
ties while at the same tim'e emphasizing the need to employ them in concert
witn other spectroscovies and mathe,natical modeling techniques. We believe
that light scattering is unusual and exciting because it is both new and
old, new in the sense of new and dramatically improved instrumentation and
lenqtheninq list of materials and fields in which it i3 finding use, and
oli in the sense of being a mature science with a great store of information
and technology available to help with experiTentation and interpretation.
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DISCUSSION

R. A. DASKIVICH, General Motors Research Laboratories: I was happy to see
that at the end of the talk you brought up the subject of a material that is
of some interest in engineering -- polyethylene. In working with this ma-
terial, what approximately would be your signal to noise ratio, or the
effect of signal to noise ratio that you have to play with?

J. M. SCHIUR: We are working with molecular weights ranging from 16,000 to

about one million. We are really concerned about purity in specifying ma-
terial properly. In the materials that we annealed for a very long time,

some decomposition occurred although the DSC gave us purities of 99.5% which
is bringing our signal to noise ratio down to about 3 to 4 for these low
frequency modes. However, in the French samples which were not annealed,
we found some very interesting characteristics. We were able to get a

signal to noise ratio of 20 to 100 with the interferometer coupled to the
double monochromator. The signal counts were quite low and we had to count

for a long time, but the signal to nosie ratio was quite good. If we do
not use the interferometer, in both cases we do not see anything at all.
We are enhancing contrast from 1012 to 1013 with the double monochromater by
itself, to about 1017 with the interferometer coupled in there; that is,
105 times increase in contrast.
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